Objective The aim of this study was to investigate the long-term effective control of serum uric acid by allopurinol on the carotid intima-media thickness (IMT) in patients with type 2 diabetes (T2DM) and asymptomatic hyperuricemia (HUA). Methods This was a randomized open parallel-controlled study. In this study, 176 patients with T2DM and asymptomatic HUA were randomly allocated to the conventional or allopurinol treatment groups on the basis of a computer-generated random number table. Changes in the carotid IMT, biochemical indexes, high sensitive C-reactive protein (hs-CRP) and the incidence of hypertension in patients before and after three years of treatment were examined and compared between the groups. Results There were no statistically significant differences in the baseline characteristics of the study participants between the two treatment groups (p>0.05 for all). Nevertheless, the serum uric acid, triglyceride, and hs-CRP levels and the homeostasis assessment for insulin resistance (HOMA-IR), systolic blood pressure, diastolic blood pressure and the carotid IMT in the allopurinol group were significantly lower than those in the conventional group after three years of treatment (p<0.01 for all). The intention-to-treat analysis indicated that the incidence of new-onset hypertension in the allopurinol group showed a declining trend compared to that in the conventional treatment group (6.8% vs. 13.6%, p>0.05). Conclusion The long-term effective control of serum uric acid by allopurinol may improve insulin resistance, decrease the serum levels of hs-CRP, reduce the carotid IMT, and may delay the development of atherosclerosis in patients with T2DM and asymptomatic HUA.
Introduction
Hyperuricemia (HUA) is defined as a serum uric acid level >420 μmol/L in men and >360 μmol/L in women. HUA without the onset of gout is classified as asymptomatic HUA (1) . Epidemiological studies have indicated that HUA is relatively prevalent in the general population. The preva-acid levels (4, 5) . Previous studies have identified many risk factors for atherosclerosis, such as hyperglycemia, hypertension, dyslipidemia, and smoking. However, intensive multifactorial therapy by a strict control of blood glucose, blood pressure and the regulation of blood lipids cannot effectively prevent the development of atherosclerosis, residual macrovascular risk remains (6) . Several studies have shown that effective control of serum uric acid can significantly reduce cardiovascular events. In the Losartan Intervention for Endpoint Reduction (LIFE) study, Dahlof et al. (7) showed that 29% of the cardio-protective effect of losartan was attributed to this drug's hypouricemic properties. A recent study (8) indicated that high-dose allopurinol can cause regression of left ventricular mass through the strict control of blood uric acid levels; therefore allopurinol may be useful for reducing cardiovascular events in T2DM patients with left ventricular hypertrophy. Several recent studies have found that asymptomatic HUA is an important risk factor for the occurrence and progression of atherosclerosis in patients with T2DM (9, 10) . The carotid intima-media thickness (IMT) is an early marker of atherosclerosis and closely related to macrovascular diseases. Currently, there is a lack of research on whether the long-term effective control of serum uric acid can delay the progression of carotid atherosclerosis in patients with T2DM and asymptomatic HUA. In this study, a randomized parallel-controlled trial was performed to investigate the effects of allopurinol treatment on the carotid IMT and the levels of serum high sensitive Creactive protein (hs-CRP) to explore the possible therapeutic mechanism of the long-term effective control of serum uric acid on atherosclerosis.
Materials and Methods

Patients
The clinical trial included 176 patients with T2DM and asymptomatic HUA receiving inpatient or outpatient therapies from October 2009 in the Endocrinology Department of Laiwu Hospital affiliated with Taishan Medical College. There were 85 males and 91 females, with an average age of 51 years. The inclusion criteria were as follows: 1) patients that met the 1999 World Health Organization diagnostic criteria for T2DM and the asymptomatic HUA diagnostic criteria; 2) an age <70 years; 3) good glycemic control and a stable illness condition; 4) a urinary albumin excretion rate (UAER) <20 μg/min; 5) serum uric acid levels between 420 and 476 μmol/L after one month on a low-purine diet; 6) no administration of medications affecting uric acid metabolism over the last three months, such as thiazide diuretics, compound reserpine, pyrazinamide, nifedipine, propranolol, allopurinol, benzbromarone; 7) no diseases which affect uric acid metabolism, such as chronic renal insufficiency; and 8) no administration of angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, uric acid synthesisinhibiting drugs, uricosuric drugs or lipid lowering drugs for approximately three months. The exclusion criteria were as follows: previous history of gout, primary renal diseases, malnutrition and dehydration, hypertension, severe dyslipidemia, acute metabolic disorders in diabetes, malignancy, or severe cardiac, hepatic, or cerebral diseases. The termination criteria were as follows: the serum uric acid level gradually increased to more than 476 umol/L (1); an acute attack of gout; or a serious adverse drug reaction that patients were unable to tolerate.
From the perspectives of effectiveness and statistics, we chose α=0.05 and β=0.2 (i.e., power=80%) as the criteria for the sample size calculation. According to the corresponding reference, the standard deviation of the carotid IMT in patients with T2DM and HUA is 0.29 mm (10). The effective percentage in the carotid IMT of the allopurinol group was expected to be 15% higher than that of the conventional therapy group. The calculated results showed that a minimum of 66 cases were required for each group, with an estimated loss rate of approximately 20%. Considering that the serum uric acid level gradually increased with changing renal function, a total of 200 cases were included in this study.
All selected patients were randomly allocated to the conventional or allopurinol treatment group by a computergenerated random number table (Fig. 1) . The conventional group included 88 patients, with 14 who had serum uric acid levels which gradually became >476 umol/L (excluded), two with acute gout (excluded), and two who were loss to follow-up. Ultimately, the conventional group included 70 patients (32 males and 38 females with an average age of 51±11 years) and a course of diabetes mellitus for 4.9±1.7 years. The allopurinol group had 88 patients, including one case of severe vomiting (excluded), two with liver damage (excluded), and three who were loss to followup. Ultimately, the allopurinol group included 82 patients (38 males and 44 females, with an average age of 50±10 years) and a course of diabetes mellitus for 5.1±2.0 years. This research was approved by the ethics committee of the hospital, and informed consent was provided by all patients.
Determination of evaluation indicators
Both groups of patients received diabetes education with diet control, low-purine diet, and adequate exercise. For the majority of the patients, oral hypoglycemic drugs combined with insulin therapy were used for blood glucose control; for a small number of patients, oral hypoglycemic drugs were administered to control the blood glucose levels within the target range. To treat abnormal blood lipid levels, statins were routinely used when the total cholesterol (TC) level was greater than 4.5 mmol/L and/or the low-density lipoprotein cholesterol (LDL-C) was greater than 2.6 mmol/L. The aspirin regimen followed the 2007 and 2010 editions of the Chinese Guideline of Type 2 Diabetes Prevention and Treatment. The two groups of patients had no statistically significant differences before and after the treatment in regards to the enhanced glucose control, blood lipid regulation, and as- pirin regimen (p>0.05, Table 1 ). The patients in the allopurinol group were given allopurinol (starting from 100 mg/day) when the blood uric acid level was greater than 420 μmol/L. These patients were re-examined monthly to test the blood uric acid level, and the dose of allopurinol was adjusted to maintain a serum uric acid level less than 360 μmol/L. The patients in the conventional therapy group received no uric acid lowering therapy when the blood uric acid level was less than 476 μmol/L. The patients with blood uric acid levels exceeding 476 μmol/L were excluded from the following examination.
During the study, the patients received telephone and outpatient follow-ups. A healthy lifestyle (e.g., at least three 30-minute sessions of aerobic exercise per week; no drinking and no smoking) was recommended by group counseling supplemented with audiovisual and printed materials monthly. All patients went on stringent low purine diet and stopped drinking. The fasting plasma glucose (FPG) and postprandial plasma glucose (2hPG) levels were regularly determined, and the glycosylated hemoglobin A1c (HbA1c) level was checked every 2-3 months. If the FPG level was >7.2 mmol/L and the 2hPG level was >10 mmol/L, the dose of insulin (basal insulin or premixed combined human insulin analogues) and/or the dose of oral hypoglycemic drugs (metformin, glimepiride or pioglitazone) were adjusted to maintain the blood glucose level in the target range. Acarbose and/or prandial insulin analogues were added if the 2hPG level remained >10 mmol/L after any type of hypoglycemic administration. The blood glucose target level was a FPG level <7.2 mmol/L and a 2hPG level of 7.8-11.1 mmol/L. Blood lipids were detected every three months. Statins were routinely used if TC >4.5 mmol/L and/or LDL-C >2.6 mmol/L. The blood pressure was monitored monthly. An appropriately sized cuff (cuff bladder encircling at least 80% of the arm) was used to ensure accuracy. Two measurements were made and the average was recorded. To prevent any observer bias at the time of measuring blood pressure (BP), the nurse in charge was prevented from knowing which patients were under treatment of allopurinol. The patients primarily received a calcium antagonist when the blood pressure exceeded 140/90 mmHg. If unsuccessful, an angiotensin-converting enzyme inhibitor or angiotensin II receptor blockers were added as a supplemental therapy. The blood pressure target was 130/80 mmHg. Atorvastatin and losartan were not selected due to the impact of these drugs on the level of serum uric acid. The carotid IMT and hs-CRP level were monitored every six months. The total course of treatment was three years. The primary outcome measured were changes in the carotid IMT between the two groups before and after treatment. The secondary endpoints were changes in the blood pressure, blood lipids, insulin resistance and serum levels of hs-CRP between the two groups before and after three years of treatment and changes in the incidence of hypertension in the two groups after treatment.
Before and after treatment, all patients underwent an oral glucose tolerance test and measurements of the height, weight, and blood pressure. FPG (measured after a 10 hours overnight fast) and 2hPG were assessed by the glucose oxidase method. HbA1c was detected by high-pressure liquid chromatography (Bio-Rad Laboratories, Hercules, USA). The serum creatinine, uric acid and lipid profiles, including triglyceride (TG), TC high-density lipoprotein cholesterol (HDL-C) and LDL-C, were determined by standard enzymatic procedures on an automated bioanalyzer (7600-020, Hitachi, Tokyo, Japan). The serum hs-CRP was measured by a particle-enhanced immunonephelometry assay (Beckman Coulter, Kraemer Blvd. Brea, USA). The fasting serum insulin (FINS) was assayed by a radioimmunoassay (Linco Research, St. Charles, USA). The above detected indices were measured by an experienced technician who was blinded to the study. ] (11). The carotid IMT was detected using a highresolution ultrasound Doppler system (iU22, Philips ultrasound, Bothell, USA) with a 7.5-10.0 MHz liner array transducer. The patients were supine in the bed, with the head turned 45°away from the examined side during the examination. The right and left common carotid arteries were scanned from proximally to distally, up to the point at which they bifurcate. Carotid IMT measurements were acquired at the far wall of the right and left common carotid arteries, approximately 1 cm proximal to the carotid bulb. The average value of the maximal thickness of each carotid artery was calculated to generate the carotid IMT. The intraobserver and inter-observer variability of the carotid IMT measurements were less than 5%. All scans were conducted by a designated investigator who was blinded to the clinical characteristics of the subjects.
Statistical analysis
Data analysis was performed using the SPSS 16.0 statistical software package (SPSS Inc., Chicago, USA). The measurement data were analyzed by the Shapiro-Wilk test, and the normal distribution data were expressed as the means ± standard deviation (SD). HOMA-β was a non-normally distributed variable and was analyzed after being converted to a normal distribution variable using the natural logarithm. The intra-group comparison of the pre-and post-treatment data was performed using the paired t test. The inter-group comparison was performed using the t-test for independent samples. The enumeration data were analyzed by the chi square test. A general linear model was used to analyze the interactions of time and group during the study. The intention-totreat (ITT) analysis and per-protocol treated (PP) analysis were used to compare the incidence of hypertension between the two groups. A p value <0.05 was considered to be statistically significant.
Results
Inter-group comparison of baseline characteristics
There were no statistically significant differences regarding the age, gender, and course of disease between the two treatment groups (p>0.05 for all). In addition, there were also no statistically significant differences in the blood pressure, glycemic control, blood lipid, uric acid, hs-CRP and carotid IMT between the two treatment groups (p>0.05 for all) ( Table 1) . .05] after 3 years of treatment, whereas the other indicators showed no significant changes (p>0.05 for all). The minimum dose of allopurinol was 100 mg/day, the maximum dose of allopurinol was 450 mg/day, and the final average dose of allopurinol were 234±87 mg/day.
Intra-group comparison of evaluation indicators before and after treatment
Inter-group comparison of evaluation indicators after treatment
After 3 years of treatment, the levels of uric acid, systolic blood pressure and diastolic blood pressure were more significantly reduced in the allopurinol group than in the conventional group. There was a significant interaction of time and group in the general linear model analysis in the serum uric acid level and systolic blood pressure, while the interaction of time and group was of borderline significance for diastolic blood pressure (Fig. 2) . Further comparison of differences in the indicators between the pre-and posttreatment levels confirmed that the allopurinol treatment was more effective in reducing the uric acid level, TG, HOMA-IR, systolic blood pressure, diastolic blood pressure, serum creatinine, hs-CRP, and carotid IMT and more effective in increasing GFR than the conventional treatment (Table 2) . Moreover, allopurinol therapy was more efficacious in reducing the uric acid level, systolic blood pressure, hs-CRP and carotid IMT than conventional therapy in the patients not receiving statins and antihypertensive agents ( Table 3) .
Comparison of the incidence of hypertension after treatment in the two groups
A PP analysis showed that the allopurinol group had 3 patients with new-onset hypertension (3.7%), which was less than in the conventional therapy group (6 cases, 8.6%); however, this difference was not significant (χ 2 =1.636, p= 0.201).
All the lost cases in the allopurinol and conventional therapy groups were considered progression to hypertension. At the end of the test, telephone follow-ups showed that all excluded patients in the allopurinol group had not progressed to hypertension. However, among 16 excluded patients in the conventional therapy group, 4 patients had new-onset hypertension. Therefore, an ITT analysis showed that there were 6 patients with new-onset hypertension in the allopurinol group (6.8%), which was also less than that in the conventional therapy group (12 cases, 13.6%, χ 2 =2.228, p= 0.136). These results indicated that the ITT analysis results were consistent with the PP analysis.
Adverse reactions
A total of 3 patients in the allopurinol group had vomiting during the treatment, which occurred at the beginning of the treatment when the drug dosage was gradually increased. Two cases had mild vomiting and the symptoms gradually relieved after the dose-increasing rate of the drug was slowed and the patients were allowed to continue and complete the test. One patient had severe vomiting and was withdrawn from the trial. One patient from the allopurinol group had mild diarrhea with mild symptoms lasting less than 2 days, thereby not affecting the test. Additionally, 3 patients from the allopurinol group had abnormal liver function, including 2 cases of increased aspartate aminotransferase and alanine aminotransferase levels (both <100 U/L; one patient was required to be withdrawn from the trial, and the other patient recovered after the use of liver protective drugs), and 1 patient had a significantly elevated transaminase and bilirubin levels and was excluded from the trial.
Discussion
Asymptomatic HUA is HUA without the onset of arthrolithiasis or kidney stones formed from uric acid. In addition to causing gouty arthritis (12) , the risk of asymptomatic HUA is closely related to T2DM, hypertension, metabolic syndrome, cerebral stroke, and cardiovascular diseases (13) (14) (15) (16) . Recent studies have shown that the serum uric acid level is closely related to macrovascular complications in T2DM patients (9, 10) . Therefore, the early and effective control of serum uric acid in T2DM patients with asymptomatic HUA may have great implications for reducing the risks of macrovascular diseases.
Previous studies have shown that the serum uric acid level is an important risk factor for the development of atherosclerosis. Kuo et al. (17) have shown that uric acid was associated with atherosclerosis and cardiac hypertrophy even after adjusting for factors, such as age, protein urine and hs-CRP, in healthy subjects. In addition, Cicero et al. (18) found that the carotid IMT increased with an increase of the serum uric acid levels in the absence of risk factors in patient with coronary heart disease. HUA also plays an important role in the occurrence and development of atherosclerosis in T2DM patients. Li et al. (10) conducted a follow-up study in 1,026 T2DM patients in order to observe the relationship between uric acid and carotid atherosclerosis. It has been found that uric acid is positively correlated with the carotid IMT; after the correction of various factors (such as age, sex, and diabetes duration, etc.), the risk of patients with HUA for developing carotid artery plaque was 2.71-fold higher than that of the patients with normal uric acid levels, which further indicated that the serum uric acid level is an independent risk factor for the occurrence and development of carotid atherosclerosis.
Previous research has shown that HUA may stimulate vascular smooth muscle cell proliferation and cause oxidative stress, thereby damaging vascular endothelial cells leading to endothelial dysfunction (19, 20) . Meanwhile, the urate crystals may depose in the vascular wall of patients with HUA and promote the inflammation reaction, thereby elevating the levels of hs-CRP and promoting the development of atherosclerosis (21) . de Carvalho Vidigal et al. (22) found that uric acid is positively related to hs-CRP after the adjustment for various factors, such as age, gender, and BMI; thus, uric acid may be able to predict the serum levels of hs-CRP. A recent randomized controlled study (23) showed that the patients with asymptomatic HUA had higher hs-CRP levels than the patients with normal uric acid, and allopurinol therapy could significantly lower the levels of hs-CRP. In the present study, after three years of conventional treatment, the levels of hs-CRP significantly increased in the patients with T2DM and asymptomatic HUA. In the allopurinol group, however, there was a substantial decline in the levels of hs-CRP. This further illustrates the correlation between the serum uric acid level and the vascular inflammation reaction. Active intervention on HUA can significantly reduce vascular inflammation and effectively prevent the progression of subclinical cardiovascular disease.
HUA and hypertension are closely associated. A recent cross-sectional study (24) showed that elevation of the serum uric acid level by 1 mg/dL corresponded to a 1.20-fold increase in the risk of hypertension even after the correction of various factors (such as age, sex, BMI, and glomerular filtration rate). In a prospective cohort study, Takase et al. (25) followed up on 8,157 healthy individuals with medical checkups for an average period of 48.3 months. They found that the incidence of hypertension gradually increases with elevating baseline serum uric acid levels. HUA is an independent risk factor for the occurrence and development of hypertension. Presently, few randomized controlled studies have investigated the effect of controlling serum uric acid on blood pressure. Kanbay et al. (23) found that allopurinol therapy could improve the endothelial function in the patients with asymptomatic HUA and increase the glomerular filtration rate, thereby lowering the blood pressure level. Our findings show that allopurinol therapy reduced the systolic and diastolic blood pressure levels in the patients with T2DM and asymptomatic HUA by maintaining the serum uric acid concentration below 360 μmol/L. Additionally, the incidence of new-onset hypertension in the allopurinol group showed a declining trend compared to that in the conventional treatment group. Because of the secondary outcome measures, further studies are needed with a larger sample size.
The effects of HUA on insulin resistance and blood lipids are also the pathophysiological basis of atherosclerosis. HUA may impact insulin resistance in two ways: 1) by reducing nitric oxide-mediated (NO-mediated) vasoconstriction, thereby impairing glucose absorption; and 2) by directly elevating the oxygen partial pressure, leading to a proinflammatory response and thus inducing insulin resistance (26) . Moreover, serum uric acid and TG are closely related to each other (27) , whereas a high TG level is an important residual cardiovascular risk. Even if the use of statins in patients with total cholesterol and low density lipoprotein-cholesterol have been strictly controlled, the risk of cardiovascular events in patients with TG levels >2.26 mmol/L increased by 27% compared with the patients with TG levels <2.26 mmol/L (28) . In the present study, after the serum uric acid levels were effectively controlled by allopurinol therapy, both TG and HOMA-IR showed an increasing trend compared with the data before the treatment. However, comparison of therapy-related differences between the groups showed that allopurinol therapy was more effective at lowering the TG level than the conventional therapy group. Additionally, allopurinol therapy could reduce HOMA-IR and improve insulin resistance, further delaying the development of atherosclerosis in T2DM patients.
To date, very few randomized controlled studies have reported the effect of intervention therapy on the serum uric acid level in carotid atherosclerosis. Zhu et al. (29) have shown that programmed intervention hyperuricemia contributes to the improvement of metabolism and cardiovascular morbid change. However, this study excluded patients with T2DM. Previous reports have also shown that it takes approximately 3 to 5 years to observe visible changes in the carotid IMT in T2DM patients receiving multi factor intensive treatment (30, 31) . However, according to the study by Higgins (32) , obvious changes in the carotid IMT may be observed as early as one year after allopurinol treatment. Thus, we estimated the effects of allopurinol combined with multi factor intensive treatment on the progress of the carotid IMT after 3 years. In the present study, a stringent low-purine diet and aggressive treatment were used to maintain the blood pressure, blood lipid, and blood glucose levels. However, during the 3-year follow-up period, the patients in the conventional therapy group had gradually increased uric acid levels due to kidney injury caused by HUA, with an obviously increasing trend in the carotid IMT, although the patients in the allopurinol group did not have significantly lower carotid IMT levels compared with the conventional therapy group, even after strict control of the serum uric acid levels. A comparison of therapy-related differences between the groups showed that allopurinol therapy was more effective at reducing the carotid IMT than conventional therapy. Further analysis of the findings found that allopurinol treatment was more effective in reducing the carotid IMT than conventional treatment in the patients not receiving statins and antihypertensive agents, thereby suggesting that allopurinol delays the progress of atherosclerosis.
A previous study has also found that allopurinol can significantly reduce the carotid IMT progression after 1 year of treatment compared with a placebo in patients with recent ischemic stroke and transient ischemic attack (32) . However, our trial differed from that study in several ways. First, we included patients with T2DH and asymptomatic HUA, while the previous trial included patients with recent ischemic stroke and transient ischemic attack. Second, the previous study was performed in a Caucasian population, while our study was performed in an Asian population. Furthermore, our trial is the first to identify the effects of allopurinol on the carotid IMT in Asians. Third, the findings in our trial indicated that the effective control of serum uric acid levels by allopurinol can decrease insulin resistance and serum TG levels, which was not found in the previous trial. Finally, our study had a larger sample size and longer follow-up time, which may lead to more credible results.
It should be pointed out that the beneficial effects of allopurinol therapy observed in this study may be the consequence of both lowering the blood uric acid levels and inhibiting the xanthine oxidase (XO) enzyme system. Some studies have suggested that the benefit of blocking the XO system on endothelial dysfunction and cardiovascular disease may be related to the inhibition of XO-associated oxidative stress as opposed to the lowering of uric acid. However, Ogino et al. (33) found that benzbromarone, which is not a XO inhibitor, could improve the inflammatory markers and insulin resistance in patients with congestive heart failure, suggesting a direct effect of lowering the uric acid levels on inflammation.
There are several limitations associated with this study. First, our study was limited by the open-label design and the lack of a placebo control. Second, allopurinol may cause severe allergic reactions. Although this side effect did not occur during the study, the detection of HLA-5801 may reduce the occurrence of severe allergic reactions caused by allopurinol. Third, we did not have access to the personal lifestyle of each patient, such as vegetable and fruit consumption histories. The lack of such information may potentially lead to bias in the effect of allopurinol. Furthermore, we did not detect the pulse wave velocity (PWV) and flowmediated endothelium-dependent vasodilatation function (FMD), which are good indices for the evaluation of early atherosclerosis. Therefore, the results of this study must be confirmed by additional prospective studies with larger population sizes and longer follow-up periods to investigate whether such a strategy can provide durable benefits.
Conclusion
This study demonstrated that positive and effective control of the serum uric acid level may improve insulin resistance, decrease the serum levels of TG, hs-CRP, control blood pressure, and reduce the carotid IMT, thereby delaying the development of atherosclerosis in patients with T2DH and asymptomatic HUA.
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